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Abstract

:

Despite the fact that the adverse health effects due to the intake of lead have been well studied and widely recognized, lead contamination in drinking water has been reoccurring worldwide, with some incidents escalating into a public drinking water crisis. As lead contamination is often related to lead-based pipes close to or inside homes, it is not realistic, at least in the near term, to remove and replace all lead connection pipes and lead-based plumbing. Effective monitoring of lead concentration at consumers’ water taps remains critical for providing consumers with first-hand information and preventing potential wide-spread lead contamination in drinking water. This review paper examines the existing common technologies for laboratory testing and on-site measuring of lead concentrations. As the conventional analytical techniques for lead detection require using expensive instruments, as well as a high time for sample preparation and a skilled operator, an emphasis is placed on reviewing ion-selective electrode (ISE) technology due to its superior performance, low cost, ease of use, and its promising potential to be miniaturized and integrated into standalone sensing units. In a holistic way, this paper reviews and discusses the background, different types of ISEs are reviewed and discussed, namely liquid-contact ISEs and solid-contact ISEs. Along with the potential opportunities for further research, the limitations and unique challenges of ISEs for lead detection are also discussed in detail.
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1. Background and Introduction


Safe and clean drinking water is essential to public health and the prosperity of communities. Heavy metal lead contamination in drinking water is a health hazard. Infants and young children are particularly vulnerable to the adverse health effects of lead. Exposure to lead impairs children’s physical and mental development, and even low levels of lead in the blood of children can cause a reduced intelligence quotient (IQ) and attention span, learning disabilities, and behavioral problems, among others. High lead levels may cause severe neurological problems such as coma, convulsions, and damage to kidneys [1]. Most source waters naturally have very low levels of lead and drinking water is generally free of lead as it leaves the treatment facility. The heavy metal is introduced into drinking water due to metal corrosion in the peripheral water distribution system, especially the service lines connecting the households to the main lines and lead-based plumbing within the households, particularly when the corrosion control treatment is not optimized [2,3]. The United States’ Lead and Copper Rule (LCR), first promulgated in 1991, requires water systems to conduct tap water testing to determine levels of lead and copper [4]. An action threshold of 15 parts per billion (ppb) or 7.2 × 10−8 M has been established for public drinking water systems. The public drinking water system is out of compliance and certain remedial actions must be taken if more than 10 percent of a tested sample pool have tap water with a lead level higher than 15 ppb or 7.2 × 10−8 M.



Despite the legally established action value of lead levels in drinking water, incidents with disastrous consequences have occurred repeatedly. Examples include lead contamination in drinking water in Washington D.C. from 2001 to 2004, and more recently, the lead contaminated water in Flint, Michigan, which led to a declaration of a state of emergency by the federal government [5,6,7]. The current law in the United States requires public water suppliers to collect water samples at consumers’ taps from high-risk households. The water samples are typically then sent to a certified laboratory to be tested for lead levels. However, according to the law, only a fraction of the homes are screened for potential elevated lead levels. For example, as an older city where lead-based pluming and lead service lines are more likely to be present, the city of Philadelphia in the state of Pennsylvania only had to test about 100 homes every three years to meet the standard [8]. The current rule has a loophole that allows the water systems to implement their sampling procedures to intentionally avoid exceeding the action level [9]. Furthermore, the recurrence of the aforementioned water crisis due to lead contamination indicates that the current rule and its associated common practice of lead level monitoring has limited effectiveness in protecting the public health from lead contamination.



Recognizing the complexity and significant challenges in the implementation of the current Lead and Copper Rule, a recently-released white paper by the United States Environmental Protection Agency (U.S. EPA) on revising the rule has recommended proactive full lead service line replacement to eliminate one of the primary sources of lead in drinking water [9]. However, the white paper also points out that the burden of cost ($2500 to $8000 or higher per line) on consumers to replace a lead service line can be prohibitive, particularly given that lead service lines are often located in economically disadvantaged communities. This suggests that, until the lead service lines and lead-based pluming are replaced, effectively and reliably monitoring the lead levels in drinking water would still be the primary approach to safeguard the public from lead exposure through drinking water.



In European Union (EU) countries, lead pipes are also common with an initial estimate that about 25% of dwellings in the EU have a lead pipe, which results in an estimate of 120 million people in the EU who are at potential risk from lead in their drinking water [10]. It is also estimated that about 65% of dwellings that have a lead pipe are likely to exceed the EU 10 mg/L standard, the legal requirement set in 2013. Removal of lead pipes has not been well received in EU countries because of the costs and disruption involved. It is suggested that the only comprehensive way to protect the public from lead contamination in drinking water is to reduce the plumbosolvency of the water supplies by using corrosion inhibitors such as optimized orthophosphate [11].



This paper reviews the current commonly used techniques to detect lead levels in drinking water, including laboratory tests using more sophisticated instruments and techniques that allow for on-site measurements. As continuous online monitoring at the consumers’ taps offers an opportunity for the consumers to examine their drinking water lead levels first hand, particular emphasis is placed on reviewing the techniques based on ion selective electrodes (ISEs) that can be readily integrated with an electrochemical sensor for potential online monitoring of lead levels.




2. Commonly-Used Laboratory Techniques for Measuring Lead Levels in Drinking Water


To detect and determine a heavy metal trace in drinking water, first, water samples are collected on site after a minimum of 6 h of stagnation. The water samples are then transported to a certified central laboratory to be tested. There are currently a number of laboratory techniques based on atomic spectroscopy, by which the elemental composition of a heavy metal is determined, including atomic absorption spectroscopy (AAS), atomic emission spectroscopy (AES), and X-ray fluorescence, inductively coupled plasma mass spectrometry (ICP-MS). AAS is based on the atomization of an aqueous sample in a flame or graphite furnace and the absorbance of light by the metal atoms in the sample. AAS only allows for analysis of one element at a time and solid samples must be digested to aqueous solution prior to analysis. AES uses high temperature plasma or flame to excite elements in an aqueous sample to an upper electronic state and observes the light emitted as it returns to the ground state. XRF involves using X-rays to cause excitation of inner shell electrons, which are excited to high energy levels before decaying down and releasing energy in the form of fluorescence [12].



The aforementioned laboratory techniques are sophisticated and offer excellent sensitivity and limit of detection (LOD) that can detect lead levels at lower part per billion (ppb) levels. In addition to the expensive, sophisticated, and often bulky instrumentation required, trained personnel are required to operate the instruments and perform the testing. These techniques are limited to laboratory testing on prepared water samples. Using these laboratory techniques for large-scale determination of heavy metals can be costly, time consuming, and labor intensive. Although there are field portable XRF instruments, they have high detection limits that not appropriate for trace-level detection.




3. Techniques for Onsite and Discrete Measurements of Lead Levels


In response to the growing demands of rapid detection and assessment of heavy metal contamination, particularly in the field of environment monitoring, great efforts have been expended to develop technologies and methods to allow for onsite and discrete measurements of heavy metals. There are three primary methods of onsite detection of heavy metals: a colorimetric method, a biosensor-based method, and an electrochemical method.



A colorimetric method is based on spectrophotometry and determines the presence and concentration of a chemical element or chemical compound in a solution with the aid of a color reagent. Depending on the level of accuracy required, colorimetric results are analyzed using a spectrophotometer. For heavy metal detection, some widely used colorimetric methods include arsenic analysis using silver diethyldithiocarbamate, hexavalent chromium using diphenylcarbohydrazide, and copper analysis using bicinchoninate [13,14]. Matrix interferences in colorimetric methods either disrupt the reaction between the reagent and the analyte or interfere with the spectrometric light measurement.



Biosensors that are based on interfaces, such as microorganisms, enzymes, microspheres, and nanomaterials, have been developed to detect heavy metals [15,16]. Compared to traditional inorganic reagents, the more complex biological molecules allow for reagents with greater selectivity and less interference. Sensors with enzymes that can detect ppb levels of lead, uranium, copper, mercury, zinc, and cadmium have been developed [17,18,19]. In particular, DNA-based sensors have gained increasing attention due to the fact that some metal ions selectively bind to some bases to form stable metal-mediated DNA duplexes [20,21]. For lead (Pb2+) detection, most sensors are based on the Pb2+-dependent DNAzyme and the Pb2+-stabilized G-quadruplex [22,23]. Based on DNAzyme and fluorescence, a commercial hand-held product has been developed to measure heavy metal concentration (AND1000 Fluorimeter, ANDalyze, Champaign, IL, USA) at the detection limit of 2 ppb lead level [24].



As a branch of electrochemistry, the technique of voltammetry analyzes electroactive species, including heavy metals, by applying a potential to a system of electrodes and measuring the resulting currents flowing through the electrochemical cell. The electrical potential of the reactions and the magnitude of the current produced are used to determine the identity of the species and its concentration, respectively [25]. Traditionally, voltammetry has been a laboratory-based method, though in recent years, onsite voltammetry has become more prevalent as the size and cost of voltammetric equipment has been reduced. Typical methods for heavy metal detection include square-wave stripping voltammetry, differential-pulse stripping voltammetry, and linear-sweep stripping voltammetry. Micro, macro, and screen-printed electrodes have been used, consisting of a range of materials including glassy carbon, mercury, gold, silver, boron doped diamond, and platinum. Based on differential pulse anodic stripping voltammetry (ASV), the SA1100 Scanning Analyser by Palintest (Gateshead, UK) can detect lead levels in water with a limit of 2 ppb [26]. Using cathodic stripping voltammetry (CSV), the PDV6000 Ultra by Modern Water (Guildford, UK) can detect multiple heavy metals at a single digital ppb level [27]. Common problems encountered in voltammetric analysis include high concentrations of one ion that can potentially mask the presence of other species and the presence of organic matter, like humic material, which binds with the metal ions and adsorb onto the electrode surface.




4. Ion-Selective Electrode (ISE) Technology for Detecting Lead in Water


Ion-selective electrodes (ISEs) are electrochemical sensors that convert the ionic signal into a measurable electronic signal, often electrical potential. As one type of potentiometric sensing, ISE typically requires the use of a reference electrode to electrochemically determine the concentration of target ions in a variety of chemical environments. ISEs have been attractive for detecting heavy metal traces because of their very low detection limits, good selectivity, wide dynamic range, low cost, and portability for in-situ measurements [28,29,30]. Many organic, inorganic, chelating, intercalating, and composite materials were studied as electroactive materials for the preparation of ion-selective membrane electrodes. Furthermore, the electrochemical detection used by ISE electrodes has a short analytical time, low power cost, high sensitivity, and easy adaptability for in-situ and online measurement. Electrochemical detection has become one of the most developed methods for continuous online monitoring of heavy metals. Modern electrochemical detection principles, coupled with recent advances in microelectronics and microfabrication, has led to powerful and compact analytical devices that can potentially be readily adopted for continuous and real-time monitoring of heavy metals [31,32]. In particular, applications of lab-on-a-chip (LOC) and microfluidics technologies have allowed for great improvements in compactness, reduction in fluid volume, and lower fabrication costs, among other advantages [33,34,35]. Furthermore, wireless communication technologies have allowed the development of a sensor network that enables more efficient online continuous monitoring of heavy metal based on electrochemical technologies [36]. Because of the aforementioned reasons, ISE electrode technologies hold a promising potential for online monitoring of trace lead levels in drinking water.



Based on the membrane material types, lead-selective ISEs can be categorized into three primary groups—polymeric membrane ISEs, polycrystalline membrane ISEs, and glass membrane ISEs—in which polymeric membrane ISEs are the most widespread type of lead-selective ISEs. As there are only a limited number of studies on lead-selective polycrystalline membrane ISEs and glass membrane ISEs, the focus of this review is placed on lead-selective polymeric ISEs created with different ionophore materials. Additionally, based on the contact type of the inner side of the membranes, ISEs can be categorized into liquid-contact ISEs and solid-contact ISEs. The following sections present and discuss in detail various types of lead-selective ISEs developed in liquid-contact and solid-contact forms.



4.1. Liquid-Contact Ion-Selective Electrodes


The conventional liquid-contact type ISE consists of a sensing membrane placed between two aqueous solutions, one being the sample and the other being the internal electrolyte. A common type of conductive sensing membrane is made of a plasticized polymeric phase, typically with poly(vinyl chloride) as a polymeric matrix, lipophilic ion-exchanger sites, and a lipophilic or covalently immobilized ionophore. The ionophore providing selectivity to a certain ion is embedded in the polymeric matrix. There are a variety of ISEs for lead detection that have been developed with different materials as ionophores. The performance of the ISEs varies in terms of their selectivity, sensitivity, limit of detection (LOD), and durability. As they are a large number of lead-selective ionophores, the primary groups of those chemical compounds include amides, thioamides, crown ethers, and calixarenes [37,38]. An oxy-diamides ISE electrode developed in early years showed lead (II) selectivity for Li+, Ca2+, Mn2+, Zn2+, Mg2+, and Cu2+ [39]. Another oxy-diamides group ISE was developed for lead (II) selectivity over sodium, potassium, and magnesium [40]. A tertiary amide showed near-Nernstian responses for divalent cations but poor selectivity towards lead (II) over potassium and sodium [41]. In general, amide derivatives exhibit higher stability constants than the thioamide derivatives while thioamides have a superior selectivity.



Crown ethers represent another group of compounds that are commonly reported to be used as ionophores for ion-selective electrodes. Lipophilic lariat crown ethers have been found to act as lead-selective neutral carriers in liquid-contact membranes and show high selectivity over other heavy metal ions with low detection limits ranging between 10−6 and 10−7 M [42]. Diaza-crown derivatives and aza-crown ethers have also been studied as an ionophore for lead (II) and their performance was found to be affected by the type of plasticizers and the presence of lipophilic salt [43,44]. Overall, for lead (II) detection, thioamide-derivatized calix arene is the most appropriate host molecule due to its excellent selectivity [45].



The aforementioned various types of lead-selective polymeric ISEs are summarized in Table 1 with respect to their ionophore materials used for the sensing membranes. The lead-selective polymeric ISEs’ analytical characteristics, such as linear range, limit of detection, and durability, that are important for lead(II) detection are presented in Table 1. As can be seen in Table 1, the detection limit of polymeric ISEs could reach the requirement of the current EPA action level for lead(II) in drinking water (15 ppb). Table 1 also shows that the durability of the sensors ranges from several days to 15 months.



The lower limit of detection (LOD) is critical for ISEs to be used for detecting trace levels of heavy metal ions. The discovery and understanding of sample contamination due to various chemical processes by which some of the internal analyte ions leach out into the aqueous phase has contributed to significantly lowering the limit of detection [51,52]. It was found that a careful design of the internal solution, such as altering the composition of the inner electrolyte solution or simply diluting the inner electrolyte, can minimize the analyte ion flux from the membrane into the sample, and thus substantially lowering the limit of detection [53,54]. It is possible to achieve a picomolar level detection of lead (II) when internal electrolytes contain a chelator such as ethylenediaminetetraacetic acid (EDTA) and a significant concentration of an interferent such as sodium [55]. With an optimized internal solution in conjunction with improved conditioning and measuring protocols, a LOD of 3 × 10−9 M or 0.7 ppb has been reported for polymeric membrane electrodes in real world drinking water samples [56]. In addition to optimizing the internal filling solution, other measures, such as increasing membrane thickness, decreasing the aqueous diffusion layer, the diffusion coefficient, and the amount of ion exchanger in the membrane, may also lead to lowering the detection limits [57]. As the lower detection limit for most techniques is either determined by the interferences or by the physical limitations of the instruments, the ultimate low detection limit of potentiometric ISE is still not yet known or fully understood [58].




4.2. Solid-Contact Ion-Selective Electrodes


Use of internal liquid filling solutions for the conventional liquid-contact ISEs limits their portability and creates the inherent limitation of the LOD due to transmembrane ion fluxes and sample contamination. Performance of liquid-contact ISEs may also be affected by evaporation of the internal solution and variations in sample temperature and pressure, which requires regular maintenance and care. Solid-contact ion-selective electrodes (SC-ISEs), on the other hand, eliminate the use of an internal liquid filling and are expected to be more portable and rugged. The two most common SC-ISEs are based on electroactive conducting polymers and high-surface area nanostructured materials, respectively. The first solid-contact (SC) electrode was developed using a silicone rubber membrane impregnated with copper (I) in 1970 for copper (II) with a satisfactory Nernst response in the range of 10−1 to 10−7 M [59]. Subsequently, in 1971, the more well-known coated-wire ion-selective electrodes were developed with an electroactive species incorporated in a thin polymeric film coated directly onto a metallic conductor [60]. The coated-wire ISEs, however, have a major drawback of potential instability due to the capacitance formed between the electronic conductor and the ion-selective membrane [61].



By adding an intermediate layer, such as a hydrogel or electroactive conducting polymer, the performance of solid-contact ISEs (SC-ISEs) can be greatly improved. In particular, using an electroactive conducting polymer as the ion-to-electron transducer in conjunction with carrier-based ion-selective membrane has been extensively investigated for solid-contact ion-selective electrodes (SC-ISEs) [61,62,63,64]. Electroactive conducting polymers have been commonly used for SC-ISEs because of their ability to generate a high redox capacitance that leads to a high stability of the signal. Conducting polymers that have been extensively investigated for their applications in SC-ISEs include poly (pyrrole) [63], poly(aniline) [65], poly(3-octylthiophene) (POT) [66] and poly(3,4-ethylenedioxythiophene doped with poly(styrenesulfonate) (PEDOT (PSS)) [67]. A limit of detection (LOD) of 5.62 × 10−8 M has been achieved for lead (II) detection with a naphthalene-sulfonamide (NS) derivative as the ionophore modified with PEDOT (PSS) [46]. Using screen printing techniques, a disposable SC-ISE for lead (II) detection in environmental water has been developed and has shown good correlation with measurements by inductively coupled plasma mass spectrometry (ICP-MS) [47].



As stability and reproducibility of the conducting polymer-based SC-ISE measurements remain a challenge [68], in addition to optimizing the solid contact material and materials, novel approaches have recently been proposed to improve the stability of the signal and measurements. Without using an instrument, short-circuiting the conducting polymer-based SC-ISEs with a conventional reference electrode leads to a balance of potential between the SC-ISEs and the reference electrode, and eventually improvement of the stability and reproducibility [69,70]. Based on constant potential coulometry, a linear relation was observed between the logarithm of the sample ion change and the measured charge [71]. Although the internal solution and its associated ion flux issue is eliminated in SC-ISEs, SC-ISEs exhibit similar detection limits as the conventional liquid-contact ISEs likely due to contaminations caused by the polymeric membranes themselves [72]. It is expected that further optimization of the solid contact and ion-selective membrane will enhance the performance of polymer-based SC-ISE [73].



Along with electroactive conducting polymers, nanostructured materials with a high surface area is the other most commonly used and investigated ion-to-electron solid contact for SC-ISEs. These nanostructured materials include three-dimensionally ordered macroporous carbon [74], carbon nanotubes [75], and reduced graphene [76]. Because of their high surface-to-volume ratio and inert nature, these carbon-based nanostructured materials show long-term potential stability and are insensitive to light and O2. More importantly, unlike the conducting polymer-based SC-ISEs, carbon nanomaterials tend to be hydrophobic, thus preventing a water layer from being formed at the interface between the polymeric membrane and the network of nanomaterials, which also contributes to the stability of potentiometric measurements [77].



In addition to the more commonly-used electroactive conducting polymers and nanostructured materials, crystalline materials and chalcogenide glass (ChG) have been used for lead-selective solid-contact ISEs. Crystalline ISE membranes are generally made of polycrystalline or monocrystalline materials, with most of them comprising mixed crystals of low-soluble silver salts (Ag2S) and heavy metal sulfides. Few studies were found using polycrystalline materials for lead-selective ISEs. A polycrystalline electrode comprising silver sulphide/lead sulphide (Ag2S/PbS) with a 1:1 molar ratio was reported to achieve a limit of detection of 1 × 10−4 M for lead(II) [78].



Compared to polycrystalline ISEs, ChG glass membranes have the advantages of high selectivity, excellent lifetime, and good chemical durability, although the fabrication of ChG glass electrodes often requires using an expensive technique such as pulsed laser deposition (PLD) [79,80]. Different chalcogenide glass systems (e.g., GeSe2–PbSe–PbTe, PbS-AgI-As2S3, and Pb-Ag-As-I-S) have been investigated as ISE membrane materials and were found to achieve a limit of detection as low as 1 × 10−7 M [81,82,83]. Although polycrystalline and ChG glass materials are extremely useful in many other applications, development of these materials for ISEs was hindered due to the difficulties that lay in designing a glass composition and crystalline materials for a particular ion and the poor ionic conductivity of most crystalline compounds as sensing materials [79,84].




4.3. Challenges of Using Ion-Selective Electrodes for Detection of Lead (II) in Drinking Water


Although an ISE has the advantages of low cost, ease of use, and low maintenance compared to many other analytical techniques that require using sophisticated instruments, there are three primary limitations and constraints of ISEs that remain as challenges, namely interference from other ions, effects of ionic strength of the solution, and potential drift over a period of time. This section aims to discuss these three primary limitations in detail and the opportunities associated with them to potentially move the ISE techniques and applications forward. The unique challenges associated with detecting bound and particulate lead in drinking water are also discussed.



4.3.1. Interference from Other Ions and the Selectivity Coefficient


As ISE measurement is based on potentiometry, and therefore selectivity of the lead-ISE to interfering ions is vital for ensuring a reliable detection and quantification of the lead ion concentration. Unfortunately, ISEs are not completely ion-specific and are sensitive to some other interfering ions to various extents. The ability of an ISE electrode to distinguish the interfering ions from the primary ion can be expressed as the selectivity coefficient. If the primary ion (A) and the interfering ion (B) have the same charge and form strong complexes with the ISE membrane’s ionophore (L) of the same stoichiometry, the selectivity coefficient (   K  A , B   p o t   )   is determined as follows [85]:


    K  A , B   p o t         =    K  A , B ,      β  B L      β  A L       



(1)




in which KA,B is the ion-exchange constant for the uncomplexed ions in the aqueous and membrane phases, and βBL and βAL are the overall formation constants or stability constants of the complexes in the membrane phase. The International Union of Pure and Applied Chemistry (IUPAC) recommended a fixed interference method and a separate solution method to determine selectivity coefficients [86] as factors, such as leaching, desorption, and possible ion-exchange of the primary ion from the membrane to aqueous sample, need to be eliminated to obtain the true or unbiased selectivity coefficient.



For lead(II) detection in drinking water or simple environmental water samples, potentially interfering ions, such as Fe2+, Na+, Ca2+, Mg2+, and Cu2+, should be investigated to determine the required selectivity coefficients to achieve an adequately low LOD to enable detecting the highest allowed lead concentration in drinking water. For example, an ISE based on the lead-selective ionophore 4-tert-butylcalix[4]arenetetrakis (thioacetic acid dimethylamide) found the selectivity coefficient logarithmic value,   l o g  K  A , B   p o t     for Na+, Ca2+, Mg2+, and Cu2+ equals −3.9, −6.6, −6.1, and −2.1, respectively, indicating Cu2+ is a main interference in this case, perhaps due to the strong competition of copper with lead in the deposition at the electrode [51]. It is, however, possible to use a masking reagent, such as KCN, to minimize or eliminate the interfering effects of Cu2+ as KCN forms a complex with Cu2+ while it does not interact with Pb2+ [87].




4.3.2. Effects of Ionic Strength of Solution and Activity Coefficient


Ionic strength is used to reflect the overall effect of all ions in a sample and is determined as the molar concentration multiplied by the square of the valence of all ions. As ISE measures the activity or effective concentration of ions in equilibrium at the membrane surface, it may be closely related to the total number of ions in dilute solutions. However, for solutions of higher concentrations or greater ionic strength, the mobility of ions may be decreased due to greater inter-ionic interactions between all ions in the solutions, causing relatively fewer ions in the vicinity of the membrane than in the bulk solution and consequently an underestimate of the target ion concentration in samples with a high concentration and/or a complex matrix with a greater ionic strength. The activity of ions measured at the ISE membrane (also known as the effective concentration) is essentially the number of ions taking part in a chemical reaction. The activity coefficient (γ) of an ion can be determined as the ratio of the measured activity to the actual concentration of the solution or, for dilute solutions, can be theoretically calculated as the following based on the Debye-Hückel equation [88]:


    log  ( γ )    = −   A  z 2   I    1 + B a  I     



(2)




where I is the ionic strength of the solution, a is the ionic radius and equals 0.45 nanometers for Pb2+, z is the valence of the ion and equals 2 for Pb2+, and A and B are constants depending on temperature. As the ionic strength, I, increases, the activity coefficient, γ, decreases, leading to a greater discrepancy between the measured activity and the actual concentration. For a solution with ionic strength I = 0.0001 M/L, the activity coefficient for Pb2+ is equal to 0.955, representing a 5% error in concentration measurement.



When constructing a calibration curve for an ISE at a higher concentration or greater ionic strength, the line tends to curve away from linearity due to the aforementioned effects of ionic strength on activity coefficient. Furthermore, the ionic strength of the sample solutions may be higher than that of the standards due to the fact that the sample solutions may often contain additional ions. This could lead to an incompatibility between the calibration curve and the sample and errors in the interpolated results, i.e., the calibration of ISE might not be valid for water samples for different ranges of activity.



To mitigate the effects of the ionic strength of solutions, a comparable ionic strength can be applied to most drinking water samples. The ionic strength adjustment buffer (ISAB) can be used to provide a constant ionic strength of unknown samples. This can diminish the source of uncertainty in the measurements by setting activity coefficients and the diffusion potential at approximately constant values, and thus minimizing any errors due to differences in ionic strength between the samples and standards. However, it should be pointed out that keeping a constant ionic strength may shift the equilibrium of reactions according to equilibrium constants, resulting in the difficulty in maintaining the traceability of the free lead(II) concentration. Furthermore, unfortunately, there is a lack of a reference material (standard) for ISEs with Pb2+ and complex matrixes where the analytical results obtained by ISEs can be validated [37].




4.3.3. Potential Drift over Time


The electrode response gradually changes over a period of time. The primary cause of the drift of the potential is the ion flux leakage across the ISE sensing membranes. The rate and extent of drift may vary depending on factors such as types of ISE and reference electrodes, and the age and degree of contamination of the electrodes. Potential drift of the ISEs can be checked by a standard solution or overcome by frequently measuring one calibration solution in between sample measurements, then re-calibrating when the potential value has drifted beyond an acceptable level. Once the extent of drift is known, then it should be possible to find the optimum time of use or number of samples analyzed before a calibration is necessary. Additionally, there are mathematical models that have been developed to estimate the time-dependent potential drifts [89,90].




4.3.4. Detection of Bound and Particulate Lead in Drinking Water


Finally, it should be pointed out, when using the traditional instruments, such as ICP-MS and ICP-AES for lead detection, water samples are typically acidified to pH 4 to assess total lead rather than just free, uncomplexed lead. When the pH of the water solution is around 5 or higher, lead(II) cations may undergo a complexation reaction to various hydroxyl complexes, turning into various forms of the complex such as PbOH+, Pb(OH)2, Pb(OH)3−, Pb2(OH)3+, and Pb3(OH)42+. However, for drinking water content, the complexation might be negligible [91]. Furthermore, it has been shown that the toxicity of metals is related to the activity of the free form of metal ions and not to the total concentration of metals [92]. Nevertheless, as the ion-selective electrodes are only sensitive to free lead ions of the analyte and do not respond to various complexed species of the analyte, caution should be exercised when distinguishing the free and bound analyte species in the speciation analysis.



As lead contamination in drinking water tends to occur in homes with old lead service lines, particulate lead species may co-exist with free lead ions in the aged water service lines [93]. A number of studies have indicated that significant contributions of particulate-associated lead can be mobilized as a function of flow rate and turbulence in certain water chemistries [94,95,96,97]. Lead-selective ISE sensors are not capable of detecting particulate lead. When adjusting the ionic strength, the pH of the sample solution can also be lowered with the acidic buffer at the same time, converting all possible lead species to Pb(II) ions. In addition, it is possible to predict and quantify particulate lead in drinking water through developing a correlation model based on the dissolved lead, properties of water, and equilibrium chemistry [98].






5. Conclusions


Access to safe and clean drinking water is vital to the health of people and prosperity of a community. The current common practice of monitoring lead levels in drinking water has not been able to effectively rule out or eliminate lead poison of water consumers, exemplified by the recent drinking water crisis in Flint, Michigan. Monitoring techniques based on ion selective electrodes potentially enables wide-area monitoring of lead levels for a community and identification of contamination sources and the extent of contamination, and thus better prevents the disastrous consequences.



This paper reviewed the common techniques that are employed to detect lead (II) in drinking water at trace levels, including laboratory testing using sophisticated instruments and techniques for on-site testing. The review placed an emphasis on the ion-selective electrode (ISE) techniques as ISEs have the promising potential to be miniaturized and integrated into a stand-alone sensor unit. Both the conventional liquid-contact ISEs and the more recently-developed solid-contact ISE techniques are reviewed in this paper. The common ionophores for liquid-contact ISE membranes are identified and limitations of the liquid-contact ISE techniques are discussed. Sample contamination due to ion-fluxes through the ISE membrane remains a challenge for achieving a lower limit of detection, although carefully optimizing the internal solution can mitigate the problem.



As on-site real-time monitoring requires using more portable and rugged sensors, solid-contact ISEs eliminate the use of inner filling solutions and hold the potential to create sensors that are less sensitive to changes of temperatures and pressures. The two most common materials used as the ion-to-electron transducers for solid-contact ISEs are reviewed: electroactive conducting polymers and high-surface area nanostructured materials. An outstanding issue with the use of conducting polymers in SC-ISE is the stability and reproducibility of potentiometric measurements due a water layer formed between the conducting polymer and the ISE membrane. Nanostructured materials, on other hand, are more hydrophobic and inert, particularly for carbon-based nanomaterials, which leads to more stable potentiometric measurements.



As the field of ISEs is still actively investigated, it is important to raise the awareness of the limitations of the ISE technologies for lead(II) detection, particularly the three primary limitations discussed in this review paper. It is anticipated that the performance of ISEs will be greatly improved, along with the evolution of technologies and the understanding of response mechanisms of ISE, and more importantly, the multidisciplinary collaboration between synthetic organic chemistry and electrochemistry.
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Table 1. Various types of lead-selective polymeric ISEs.
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	Major Materials
	Linear Response Range (M)
	Limit of Detection (M)
	Durability
	References





	Lipophilic oxa- and dioxadicarboxylic amides
	10–2 to 10–5
	-
	-
	[39]



	Lipophilic acyclic dibenzopolyether diamides
	10–2 to 10–7
	-
	3 months
	[41]



	Dithiophenediazacrown ether derivatives
	10–2.7 to 10–5
	10–5.7
	
	[43]



	4,7,13,16-tetrathenoyl-1,10-dioxa-4,7,13,16-tetraazacyclooctadecane
	10–3 to 10–5.3
	10–5.7
	
	[44]



	Calix[4]arenes
	10–2 to 10–6
	10–6.5
	6 weeks
	[45]



	Naphthalene-sulfonamide derivative
	10–1 to 10–7
	5.62 × 10–8
	4 months
	[46]



	Ionophore Pb IV and NaTFPB
	10–3 to 10–8
	1.20 × 10–9
	Several days
	[47]



	Reduced graphene oxide/Gold nanoparticle
	-
	10–8
	-
	[48]



	Multi-walled carbon nanotubes and nanosilica
	10–2 to 10–7
	7.3 × 10–8
	>2 months
	[49]



	Tetraphenylborate—Copolyaniline nanoparticles
	10–3 to 10–10
	2.2 × 10–11
	15 months
	[50]
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